The time course of appearance of cells with DNA damage was studied in rats following transient se vere forebrain ischemia. This DNA damage could be de tected by in situ end-labeling on brain sections. The breaks in DNA appeared selectively by day I in the stri atum and later in the CAl region of the hippocampus. It was possible by double labeling to show that there was no DNA damage in astrocytes. The DNA breaks consisted of laddered DNA fragments indicative of an ordered ap optotic type of internucleosomal cleavage, which per sisted without smearing for up to 7 days of reperfusion. In
Massive neuronal death occurs during the normal late fetal and early postnatal development of verte brates (Oppenheim, 199 1; Diana et aI., 1993) . This naturally occurring developmental cell death is thought to be due in part to an insufficient supply of trophic factors, such as nerve growth factor or brain-derived neurotrophic factor. These events can be duplicated in vitro with cultured superior cervical ganglion neurons that are induced to die by deprivation of such growth factors (Deckworth and Johnson, 1993; Edwards and Tolkovsky, 1994) . The degenerative process requires new protein synthe sis (Ferrer, 1992) , and the degenerating cells have the morphological characteristic of nuclear punc tate condensed chromatin; both of those properties are indicative of an apoptotic mode of cell death (Wyllie et aI., 1980; Kerr and Harmon, 199 1; Diana et aI., 1993) . The dying neurons also have the bio-contrast, the DNA breaks following ischemia induced by decapitation were random and, after gel electrophoresis, consisted of smeared fragments of multiple sizes. There was some early regional cellular death, restricted to the dentate of the hippocampus, prior to the pannecrotic de generation. It is concluded that transient forebrain isch emia leads to a type of neuronal destruction that is not random necrosis but that shares some component of the apoptotic cell death pathway. Key Words: Apoptosis Decapitation-DN A frag\TIentation-Ischemia-N ecro sis-Stroke. chemical characteristic of apoptosis, with the pres ence of laddered DNA fragments caused by inter nucleosomal chromatin cleavage (Ilschner and War ing, 1992; Deckworth and Johnson, 1993; Edwards and Tolkovsky, 1994) . The morphological hallmark of punctate chromatin or the biochemical evidence of laddered DNA fragmentation has also been ob served in adult neurons degenerating in epileptic lesions (Pollard et aI., 1994) , following adrenalecto my (Sloviter et aI., 1993) , or after treatment with neurotoxins such as l3-amyloid (Dipasquale et aI., 199 1; Kure et aI., 199 1; Forloni et aI., 1993a,b; Loo et aI., 1993) .
On the other hand, the delayed neurodegenera tion following cerebral ischemia has been described by morphological criteria as classic necrosis, not apoptosis (Wyllie et aI., 1980; Deshpande et aI., 1992; Buja et aI., 1993) . However, this necrosis has some parallels with apoptosis in that there have been many reports that inhibition of protein synthe sis reduces the amount of damage in both global (Goto et aI., 1990; Shigeno et aI., 1990; Papas et aI., 1992; Tortosa et aI., 1994) and focal (Linnik et aI., 1993) models of ischemia and kainate-induced neu ronal death (Schrieber et aI., 1993) ; some investiga tors did not observe such attenuation of ischemic or excitotoxic damage (Deshpande et al., 1992; Leppin et aI., 1992) . The identity of these putative proteins required for cell death is unknown. Several proteins such as the immediate early gene products Fos and fun (An et aI., 1993; Gass et al., 1993) , heat shock proteins (Nowak and Jacewicz, 1994) , ornithine de carboxylase (Dempsey et aI., 199 1) , and p53 (Chopp et aI., 1992) increase following an ischemic insult; this occurs despite a reduction in total protein syn thesis in the injured tissue (Thilmann et aI., 1986; Araki et aI., 1990) .
Other than a requirement for new proteins in some systems, the only biochemical index of apop tosis is the oligomeric laddering of DNA caused by internucleosomal cleavage (Wyllie et al., 1980; Kerr and Harmon, 199 1) . There has been a recent ava lanche of reports, from many laboratories, that in dicate the presence of laddered DNA fragmentation in global (Heron et aI., 1993; MacManus et aI., 1993; Okamoto et al., 1993; Sei et aI., 1994) and in both transient and permanent focal (Linnik et aI., 1993; Tominaga et al., 1993; MacManus et aI., 1994) models of cerebral ischemia in rats and gerbils. Here we report on the time course of the appear ance of selective cells with DNA damage in the ischemic rat brain, and show that this transient fore brain ischemia produces continued ordered DNA fragmentation. In contrast, the permanent ischemia induced by decapitation results in pannecrotic ran dom fragmentation.
MATERIALS AND METHODS

Transient global ischemia by two vessel occlusion (2VO)
Cerebral ischemia was produced in male Sprague Dawley rats (350-400 g) by a method (Preston et al., 1993) modified from the original in which bilateral carotid ar tery occlusion is combined with hypovolemic arterial hy potension (Smith et al., 1984) . Briefly, each rat was anes thetized with sodium pentobarbital (65 mg/kg i.p.), the trachea was intubated by laryngoscopy, and mechanical ventilation was initiated with an 02:N2 (30:70) mixture at a rate and volume to ensure normal blood gases and pH. Tympanic and colonic temperatures, monitored by ther mistors (YSI 5\1 ,402; Yellow Springs Instruments, Yel low Springs, OH, U.S.A.) and polygraph, were main tained at 37.5-38.0°C throughout the procedure by a tem perature-controlled water bed beneath the rat. Through a cannula in the tail artery, blood was drawn into a hepa rinized syringe to lower rapidly and maintain mean arte rial pressure between 42 and 47 mm Hg. Both carotid arteries were then clamped, and the hypotension was maintained by blood withdrawal or return as needed. Af ter 12 min of ischemia, the vascular clamps were released and blood was returned to the rat to restore arterial pres sure. The wounds were sutured closed, mechanical ven tilation was removed, and the animal was kept normo thermic by a feedback-controlled infrared lamp until ther-moregulation and consciousness had returned. The rat was then returned to normal housing.
2VO-treated rats were killed in one of two ways. For brain histology studies, the animal was anesthetized with pentobarbital, and the thoracic cavity was opened. The dorsal aorta was clamped, the jugular veins severed, and 50 ml heparinized saline followed by 500 ml 4% buffered formalin were perfused via the left cardiac ventricle to clear the brain vasculature and fix the tissue. For the biochemical studies, the rat was anesthetized with 3% halothane (Fluothane; Wyeth-Ayerst, Montreal, Quebec, Canada) and decapitated. The brain was immediately re moved and chilled and dissected on a cold plate (O°C); the cortex, hippocampus, and striatum were frozen and stored at -80°C until assay.
Necrosis by decapitation
It was considered necessary to compare our experi mental 2VO ischemic brain samples with brain samples that are definitely necrotic. Rats were placed in a halo thane vapor box (3%) and, when deeply anesthetized, were immediately killed by decapitation. The heads were wrapped in plastic to prevent drying and incubated at 3rC in a humid box. After I , 6; 12, or 24 h, brains were removed and handfed as above for biochemical studies. Alternatively, brains were. coronally divided into two pieces, each containing striatum or hippocampus, and soaked in 4% formalin for subsequent histology studies.
Detection of DNA breaks in situ on brain sections
The method used to detect breaks in DNA strands in situ was adapted from those methods described by Gav rieli et al. (1992) and Wijsman et al. (1993) . Following rehydration, tissue sections were permeabilized by incu bation in 0.25% pepsin (3,000 U/mg; Worthington Bio chemical Corporation, Freehold, NJ, U.S.A.) in diluted HCl (pH 2) for 30 min at 37°C, using 75 fJ.l per section. Sections were then washed three times in 2 ml phosphate buffered saline, pH 7.3 (PBS). The DNA was terminal transferase end-labeled for I h at 37°C in 0.1 mM potas sium cacodylate, 2 mM CoCI2, and 0.2 mM dithiothreitol, pH 7.2 containing I fJ.M digoxigenin-ll-dUTP (Boeh ringer Mannheim Canada Ltd., Laval, QUE), 9 fJ.M dATP and 22.5 U terminal transferase (Gibco/BRL, Burlington, ONT) per section. The reaction was stopped by incuba tion for 15 min in 2 ml 300 mM NaCl, 30 mM sodium citrate. Nonspecific binding was blocked by a 15 min in cubation in 3% dried milk powder and 0.5% Tween 20, in 50 mM Tris, 200 mM NaCl, pH 7.4, prior to labeling of incorporated digoxigenin by incubation for 30 min with alkaline phosphatase-conjugated antidigoxigenin (Boeh ringer Mannheim Canada Ltd.) diluted x 300 in the same buffer. Sections were then washed three times for 5 min each in 2 ml of the Tris buffer. Detectable color was pro duced with 0.5 ml of a 50% solution of Vector Laborato ries brownlb\ack substrate. Sections were mounted in 50% glycerol/PBS and they were photographed under an Olympus BX50 microscope.
Double labeling of DNA breaks and
GF AP immunoreactivity
Some sections were used for a double-labeling proce dure in which DNA fragmentation was detected using a fluorescent probe and astrocytes were identified by im munoreactivity for glial fibrillary acidic protein (GFAP). Sections were treated as above except that the pepsin pretreatment was reduced to 15 min and II fJ.M biotin-16-dUTP (Boehringer Mannheim Canada Ltd.) was sub stituted for digoxigenin-ll-dUTP and dATP in the termi nal transferase reaction described above. Following the stop solution, sections were blocked for 15 min in 3% dried milk powder, 0.5% Tween 20 in PBS and then in cubated in this solution containing polyc\onal antiGF AP (Sigma Chemical Co., St. Louis, MO, U.S.A.) diluted 1: 100 for 18 h. After washing three times for 5 min each 2 ml PBS, sections were incubated for 4 h in 2% BSA in PBS containing Cy-3 conjugated streptavidin diluted 1: 1,000 and FITC conjugated donkey anti-rabbit IgG di luted 1: 50 (both obtained from Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, U.S.A.). Sections were then washed in distilled water, mounted in Vectash ield (Vector Laboratories, Inc., Burlingame, CA, U.S.A.) and photographed.
Detection of DNA breaks by gel electrophoresis
The protocols used to isolate DNA and detect laddered fragments, and the quantitation of DN A damage by quan titation of the radioactive fragments were as described previously (MacManus et aI., 1993 (MacManus et aI., , 1994 .
RESULTS
Rats were subjected to 12 min of forebrain isch emia by 2VO. Total DNA was prepared from sam ples-each pooled from two animals-of neocortex, hippocampus, and striatum on days I, 2, 3, and 7 after the occlusion. were end-labeled and subjected to gel electrophore sis, a laddered oligomeric pattern was observed in the striatum and the hippocampus, starting on day I and day 2, respectively (Fig . 1) . The smaller oligo mers, particularly the monosome (-200 bp) and di some (-400 bp) bands, dominated the laddered pat tern with increased time after the ischemic insult. By day 3, DNA fragmentation was also observed in the neocortex, which also tended towards smaller oligomers by day 7 (Fig. 1) . The highest radioactive labeling in the excised gel fragments was on day 2 in the striatum and on day 3 in the hippocampus (Fig. 2) . In addition to quantitation this figure also indicates the reproducibility of these findings. The cells that had the fragmented DNA were lo calized by in situ end-labeling of paraffin sections of ischemic brain. A time course study of the appear ance of damaged cells in the septal hippocampus revealed no apparent damage 12 h after the isch emic insult (Fig. 3A) . By day 1, the first signs of DNA damage appeared at the medial end of the CAl pyramidal layer and fasciola ( Fig. 3B ). By day 2, further damage to CAl was evident ( Fig. 3C) ; the damage became maximal by day 3 (Fig. 3D ) and persisted at least until day 7 ( Fig. 3E ). More than half of the animals sampled on days 1-3 showed (8) were end-labeled, elec trophoresed in 1.8% 8ynergel, and autoradiographed. Lad dered DNA fragments indicative of an apoptotic cleavage could be seen in the striatum on day 1, in the hippocampus by day 2, and faintly in the neocortex by day 3. Even on day 7, the oligo nucleosomal pattern was stili visible.
Days after 12 min of 2-vessel occlusion FIG. 2. Quantitation of DNA damage after 12 min of two ves sel occlusion. Each experiment was comprised of pooled tis sue from two ischemic animals, and three or four separate ischemia experiments were conducted for each brain region. Gels similar to those in Fig. 1 were produced, the fragments below 10 kbases were excised, and the radioactivity was counted. The fold increase above sham animals shows that the striatum was consistently the earliest to display DNA damage, and that it was not until day 2 that any significant damage to the hippocampus could be detected. Data are the mean ± SD of 3-4 separate experiments.
labeling of some cells (7 of 12) in the hilus of the dentate gyrus (illustrated in Fig. 3B ), although in many this labeling was less intense than that seen in CAL Little hilar labeling was seen after day 3.
The time course of appearance of damaged cells in the striatum was more complex. At 12 h a few damaged cells could be seen at the dorsomedial edge close to the ventricle (Fig. 4A ). By day 1, the area of damage had extended laterally to give the classic dorsolateral crescent (Fig. 4B) , which then expanded ventrally, to completely involve the stri atum by day 2, but sparing the white matter (Fig.  4C) . These results from the in situ localization of DNA damage were in general agreement with the biochemical detection of DNA fragmentation de scribed in Fig. 1 .
Since the laddered DNA was present in tissues that are known to not show a classic apoptotic mor phology of punctate nuclear staining, but rather a selective neuronal necrotic appearance (Deshpande et al., 1992) , it was of interest to compare this isch emic fragmentation to the frank pannecrosis pro duced by decapitation. When DNA was isolated from brain tissue after a 24 h period of decapitation ischemia, gel electrophoresis resulted in a smeared appearance (Fig. 5B ), in stark contrast to the ap pearance (Fig. 5A ) of the co-electrophoresed glo bally ischemic samples (day 2 after 2VO).
A time course study of the degeneration following decapitation ischemia showed that DNA damage was not detectable after 1 h, but was extensive af ter 6 h in all samples (Fig. 6) . There was an indica tion of some underlying laddering at 6 h, which . " ::. �'" '" . was blurred by 12 h and completely swamped by 24 h, by the randomly cleaved smeared fragments (Fig. 6) .
When the location of the cells with this decapita tion-induced smeared damaged DNA was sought by in situ labeling, a surprising early selective degen eration was observed in the dentate of the hippo campus in all samples tested ( Fig. 7 A and B) . This topographically selective damage was completely different from that produced in the hippocampus by transient 2VO. In the 2VO hippocampus, damage was predominantly localized in the CAl layer (Fig.  3) . By 12 h following decapitation, the CAl layer was extensively labeled (Fig. 7B) , and by 24 h pan demic damage was observed throughout the rest of J Cereb Blood FloII' Me/ab. Vol. 15. No.5. 1995 the brain section (Fig. 7C) . The striatum, and all other regions examined, exhibited damage through out the sections from 6 h following decapitation (with no evidence of a dorsolateral crescent of dam aged cells in the case of the striatum), at which time the smallest cells appeared to degenerate first (Fig.  8A) . The cell death then proceeded to rapid pan necrosis by 24 h, with all nuclei containing damaged DNA ( Fig. 8B and C) . This again demonstrated a different evolution of degeneration from that seen following 2VO. The difference was further eluci dated with a double labeling technique demonstrat ing the survival of astrocytic (GFAP positive) glia, in both the hippocampus and the striatum, at all examined times following 2VO (Fig. 9A and B) . On the other hand, astrocytes could not resist the ne-
2VO Decapitation
FIG. 5. Comparison of the random DNA fragmentation in brain resulting from decapitation with the ordered DNA lad dering induced 48 h after 2VO. Equal 10 fLg quantities of DNA were labeled and electrophoresed as in Fig. 1 . There was selective ordered DNA breakdown following global ischemia (A); but following decapitation there was breakdown in all tissues, which appeared as a smear of multiple sizes (8).
FIG. 6. Time course of DNA fragmentation in brain follow ing decapitation. Ten micro gram aliquots of total DNA were treated as in Fig. 1 and show that major DNA damage could be detected in all tissues by 6 h.
There was an indication that some laddering of DNA frag ments might be present at this time but by 24 h was totally ob scured by the smeared DNA.
Oh erotic insult of decapitation, and by 12 h many GF AP positive cells could be detected that were also positive for DNA breaks (Fig. 9C and D) .
DISCUSSION
Neurons during the late fetal and early postnatal periods can exhibit all the morphological and bio chemical characteristics of apoptosis. These degen erating neurons have both the morphological char acteristics of condensed punctate nuclear chro momeres and membrane blebbing, in addition to the biochemical characteristics of laddered oligonu cleosomal DNA fragmentation (Ilschner and War ing, 1992; Diana et aI., 1993) . In the adult, neurons can also die by apoptosis, for example, following adrenalectomy (Sloviter et aI., 1993) or treatment with various neurotoxins such as glutamate, f3-amy loid, or prion components (Kure et aI., 199 1; For loni et aI., 1993a,b) . These stereotypic ordered pat terns of apoptotic degradation are in stark contrast to the random smeared DNA produced in frank ne crosis resulting from various acute insults (Kerr and Harmon, 199 1; Schumer et aI., 1992; Loo et aI., 1993) .
On the other hand, the neuronal degeneration fol- lowing ischemia has been regarded as a paradigm of necrosis with no morphological evidence of apop tosis (Wyllie et aI., 1980; Kerr and Harmon, 199 1) . Despite this negative consideration, there have been reports from many laboratories, our own in cluded, indicating that oligomeric DNA laddering can be found in areas of brain known to be sensitive to transient ischemia. Such indications of a compo nent of apoptotic cell death have been found in rats and gerbils following episodes of global (Heron et aI., 1993; MacManus et aI., 1993; Okamoto et aI., 1993; Sei et aI., 1994) and focal (Linnik et aI., 1993; Tominaga et aI., 1993; MacManus et aI., 1994) isch emia. In the present study, laddered DNA frag ments after transient global ischemia reached a maximum in the striatum by day 2, and in the hip pocampus by day 3. This ordered pattern was main tained with no evidence of randomly cleaved smeared DNA even on day 7 after the ischemic in sult (Fig. 1) . These results with the 2VO rat model are different from those reported for a 4VO rat model in which, although laddered DNA was ob served in the striatum, only smeared DNA was seen in the hippocampus (Heron et aI., 1993) . Another report, of a 2VO gerbil model, states the opposite: laddered DNA was observed in the hippocampus 1. P. MACMANUS ET AL. FIG. 7. In situ end-labeling for localization of cells in the hippocampus with DNA damage after decapitation. Selective damage in the dentate was apparent by 6 h (arrows, A); fol lowed by involvement of the CA1 (arrowhead) and other cells by 12 h (8); and complete pan necrosis by 24 h (C).
following ischemia, but not in the striatum (Oka moto et aI., 1993) . It is not immediately apparent why such differences between different models in separate laboratories were observed, other than the obvious species difference. We have never ob served smeared DNA following transient ischemia in any area of the brain, although we (Figs. 5 and 6) and others (Tominaga et aI., 1993) have done so after decapitation. Such smeared DNA fragments have been shown in several other pan-necrotic cell types (Kerr and Harmon, 199 1; Schumer et aI., 1992; Loo et aI., 1993) .
In situ DNA labeling clearly differentiates dam aged cells from their neighbors in a high contrast manner not possible with standard histological eval uation. The evolution of the damaged area in the hippocampus can be clearly seen to spread laterally from the center line (around the fasciola) into and along the CAl pyramidal layer (Fig 3B-D) . This time course of the increase in damage correlates J Cereb Blood Flow Metab. Vol. 15, No.5, 1995 with the biochemical quantitation of DNA damage . Such selectively delayed neuronal death was first described by Kirino (1982) and by Pulsinelli et ai. (1982) . On the other hand, we observed an unex pected selective death in the first hours following decapitation that was completely different from the neuronal degeneration after 2VO. It had been as sumed that the early events of decapitation and 2VO would be similar, since the CAl layer of the hippocampus is known to be most sensitive to an oxia. Instead, decapitation initially caused damage predominantly in the dentate, and it was not until later that pan-necrosis set in, which also engulfed A.
FIG. 8. In situ end-labeling for localization of cells in the striatum with DNA damage after decapitation. Uniform label ing with no evidence of a dorsolateral crescent of damage was seen throughout the striatum, with a population of small cells damaged by 6 h (A); with further uniform spatial involve ment of all cells through 12 h (8); and 24 h (C). Bar = 100 f.Lm. the CA 1 layer (Fig. 7) . It is of interest that hypo glycemia in the rat can induce preferential degener ation in the dentate (Auer et aI., 1984) ; this may predominate over the effects of anoxia in the case of decapitation.
Our results with the decapitated brain raise an other point. There is a widespread misconception that in situ labeling unequivocally identifies cells that have died by apoptosis rather than necrosis. This is unfortunate, since in situ end-labeling (by incorporation of labeled deoxyribonucleotide by terminal transferase) only demonstrates the pres ence of breaks in DNA that provide an available 3-0H end. This can also occur in necrosis following decapitation. as seen in the end-labeled smeared DNA in Figs. 5 and 6 and in the cells in Figs. 7 and 8. Thus, end-labeling alone in no way indicates a mechanism of cell death. Although this was not dis cussed in the original paper describing the method CGavrieli et aI., 1992), it has been discussed by olh ers reporting different implementations of the same technique (Gold et aI., 1993; Wijsman et at.. 1993) .
Current thinking about entry of cells into the ap optotic cell death pathway involves many possible signal transduction events, all of which funnel into an early increase in transactivating factors such as fos (Schreiber et aI., 1993 , (992) . Second, an increase in the fos transcription factor after an ischemic insult has been well documented (An et aI., 1993; Gass et aI., 1993 ). Third, as described above, there are now many demonstrations of DNA fragmentation indic ative of apoptotic endonuclease activation, follow ing either focal or global ischemic episodes in both gerbil and rat. What is missing is any morphological evidence of apoptotic nuclear condensation follow ing ischemia (Deshpande et al., 1992) . There is no doubt that both the chromatin condensation and DNA fragmentation occur in naturally occurring neuronal death in development (Deck worth and Johnson, 1993; Diana et al., 1993; Edwards and Tolkovsky, 1994) , but these two phenomena are caused by separate mechanisms and may each oc cur independently . Why such mor phology is not present in ischemic neurons in which some of the biochemical degradative machinery is in use is a major question awaiting an answer. Per haps an ischemic insult dissociates these two phe nomena by being so massive that it overwhelms the normal apoptotic removal systems, and the dying neuron disintegrates so fast that it never displays the nuclear condensation normally seen linked in developmental programmed cell death. It must also be cautioned that attempts to shoehorn all neuronal death into either necrosis or apoptosis ignore sug gestions that are multiple and diverse ways for cells to degenerate (Clarke, 1990; Schwartz et al., 1993) . We conclude that transient forebrain ischemia produces ordered fragmentation of chromatin even many days after the precipitating ischemic insult, whereas random events predominate in the frankly pan-necrotic tissue. The domination of order even late after the initial ischemic period strengthens the suggestion, despite the absence of morphological evidence, that ischemic neurons are using some component of the apoptotic machinery. The accu mulating evidence in support of this conclusion from our own studies and those in other laborato ries (Heron et al., 1993; Linnik et al., 1993; Mac Manus et al., 1993; Okamoto et al., 1993; Tominaga et al., 1993; MacManus et al., 1994; Sei et al., 1994) , now also including studies of epilepsy (Pollard et al., 1994) , indicates that such research might lead to discoveries of new molecular targets for drug inter vention in the debilitating postischemic neuronal degeneration of stroke.
